One-dimensional TiO 2 nanotube layers with different dimensions were homogeneously decorated with 2D MoS 2 nanosheets via atomic layer deposition and employed for liquid and gas phase photocatalysis. The 2D MoS 2 nanosheets revealed a high amount of exposed active edge sites and strongly enhanced the photocatalytic performance of TiO 2 nanotube layers. † Electronic supplementary information (ESI) available: Experimental procedures, SEM and STEM HAAD characterization of the materials, photocurrents, Kubelka-Munk curves, XPS, XRD, micro-Raman and details of hexane photodegradation. See This journal is
Self-organized TiO 2 nanotube (TNT) layers, prepared via electrochemical anodization, 1-3 represent unique one-dimensional (1D) nanomaterials. TNT layers are commonly accepted to be excellent for photoelectrochemical applications, in particular photocatalysis. [1] [2] [3] [4] Their unique geometry and properties, such as a high surface area, tunability of dimensions, and strong light absorption, are their main advantages over other TiO 2 nanostructures. [5] [6] [7] [8] [9] The photocatalysis on TiO 2 surfaces is based on UV light absorption, generation of e − /h + pairs, and formation of radicals with high oxidizing power that subsequently decompose organic matter. 4, 5 Due to the band gap of ∼3.2 eV for anatase TiO 2 , a photoresponse can only be generated by UV light irradiation. [10] [11] [12] In recent years, 2D transition metal dichalcogenides, especially MoS 2 , have attracted considerable attention owing to their suitable band gap for VIS light absorption, high carrier mobility and relatively good stability against photocorrosion. 13, 14 Structurally, MoS 2 is composed of covalently bound S-Mo-S stacks held together by weak van der Waals interactions determining the 2D nature of the crystalline phases. 15 Bulk MoS 2 has an indirect band gap of ∼1.3 eV which increases, due to quantum confinement effects, to ∼1.9 eV for monolayer sheets. 16, 17 Approximately 25% of edge sites are active for the photocatalytic reaction. 18 All in all, mono-and few-layered sheets of MoS 2 exhibit a range of intriguing properties, absent in the bulk.
The intimate contact between TiO 2 and MoS 2 results into a type-II heterojunction structure with favorable positions of conduction and valence bands in the energy diagram. 13 The photogenerated e − from the valence band of MoS 2 are directly transferred to its conduction band, leaving the newly created h + in the valence band of MoS 2 . As the conduction band potential of TiO 2 is lower compared to that of MoS 2 , TiO 2 acts as an electron acceptor of the photogenerated e − from the conduction band of MoS 2 . 19 Moreover, the e − are trapped by oxygen molecules in the aqueous solution to form singlet oxygen. 20 Simultaneously, the photogenerated h + are captured within MoS 2 , effectively suppressing the recombination rate of charge carriers, thus improving the photocatalytic activity. 21 22 So far, many methods have been explored to decorate TiO 2 materials by MoS 2 , such as sputtering, 16 hydrothermal, 23, 24 photoassisted electrodeposition, 24 solvothermal, 25 sol-gel, 26, 27 chemical vapor deposition, 28 exfoliation, 29, 30 photocatalytic reduction of (NH 4 ) 2 MoS 4 to MoS 2 , 31 and liquid ultrasonic mixing. 32 However, none of the above-mentioned techniques is suitable for the decoration of 1D TNT layers, as only very inhomogeneous decoration by MoS 2 nanosheets of these layers throughout their volume can be achieved. Atomic layer deposition (ALD) is the most suitable method for homogeneous decoration and coating of various 1D nanomaterials, including TNTs. 33, 34 ALD is based on sequential self-limited adsorption of vapors of compatible precursors on surfaces which allows conformity all over the surface with controllable thickness at the atomic level. 33 2D MoS 2 nanosheets grown on wider band gap semiconductors (e.g. TiO 2 ) serve as a sensitizer and enable enhanced production of hydrogen 16, [35] [36] [37] and photodegradation of organic pollutants. 38, 39 Although the photocatalysis of MoS 2 decorated TNT layers is reported, 16, 24, 31, [40] [41] [42] all publications show inhomogeneous decoration of TNT layers with thickness >1 μm. Only TNT layers with thickness <1 µm were homogeneously decorated. 31, 40, 42 Furthermore, these publications focus mainly on hydrogen evolution. Only a few publications focus on the photodegradation of pollutants, 24, 41, 43, 44 however, solely in the liquid phase. No publications focus on the photocatalytic activity of these layers in the gas phase.
In the present work, liquid (i.e. using a model organic dye) and gas phase (i.e. hexane-to-CO 2 conversion) photocatalyses are reported for TNT layers homogenously decorated by MoS 2 nanosheets. ALD was used for the homogeneous decoration of TNT layers with different dimensions using a recently described process. 45 Fig. 1A-D show representative top-view and cross-sectional view scanning electron microscopy (SEM) images of TNT layers. ∼5 µm thick TNT layers with an inner tube diameter of ∼230 nm on a 2.25 cm 2 area were used for liquid phase photocatalysis ( Fig. 1A and B ). For gas phase photocatalysis ( Fig. 1C and D), TNT layers with a thickness of ∼1 µm and an inner diameter of ∼45 nm on a 50 cm 2 area were used. Both types of TNT layers have a very similar aspect ratio of approx. 22. The reason for using different types of TNT layers for gas phase photocatalysis is two-fold: (i) the available gas phase setup requires the use of 50 cm 2 areas, and (ii) technological difficulties in growing 5 µm thick nanotube layers with the same (or at least similar) inner diameter nanotubes, as on the lab scale. 46, 47 Details are discussed in the ESI. † Nevertheless, we achieved uniform, well adhering and crack-free TNT layers for both types of samples (ESI, Fig. S1 †) .
For the purpose of comparison, we used TNT layers with 3 different ALD MoS 2 cycles: 1, 2 and 5. After the ALD of MoS 2 , it was possible to observe MoS 2 ultrathin nanosheets on TNT layers only by TEM (not SEM), due to their extremely small dimensions. Fig. 1E shows a representative STEM HAAD image and the corresponding STEM EDX elemental maps of the chemical distribution of Mo and S elements on the fragment of a nanotube wall in the cross-sectional view after 2 MoS 2 ALD cycles. This homogeneous decoration of TNT layers with MoS 2 nanosheets was revealed over their entire volume. X-ray diffraction (XRD), micro-Raman spectroscopy (mRS) and X-ray photoelectron spectroscopy (XPS) were carried out to obtain additional information on the crystalline structure and composition (all in the ESI †). While XRD measurements could be carried out on TNT layers, mRS and XPS could be, due to the nature of these techniques and optimal signal-to-noise ratio, carried out only on planar Si wafers (ALD decorated in parallel with the TNT layers). The native SiO 2 thin layer on the Si wafer was not removed before ALD decoration. From XRD patterns ( Fig. S2 †) , only diffractions of TiO 2 anatase and diffractions of Ti from the underlying Ti substrate were identified for blank TNT layers. In all MoS 2 decorated TNT layers, additional diffraction of MoS 2 at a 2θ of ∼14.3°is visible (26622-ICSD). 45 This clearly shows the successful growth of crystalline MoS 2 nanosheets during the ALD process. Nevertheless, several peaks are observed stemming from the nonstoichiometric Mo X S Y compositions. The presence of MoS 2 is further confirmed by mRS ( Fig. S3 †) . Signals at ∼384 cm −1 and ∼403 cm −1 which correspond to the E 2g 1 and A 1g modes of MoS 2 , respectively, are observed (discussed in detail in the ESI †) when decorated by 5c MoS 2 . 48 The obtained Raman spectra did not show any signal for 1c and 2c MoS 2 due to the extremely small dimensions of the nanosheets. Only signals from the underlying substrate were observed. Nevertheless, the presence of MoS 2 is confirmed by XPS for all ALD cycles (Fig. S4 †) reflects the increasing amount of S-Mo-S stacks within nanosheets. The signal intensity follows the order 1 > 2 > 5 MoS 2 ALD cycles (from the most intense to less intense). The photoelectrochemical characteristics were recorded for blank and MoS 2 decorated 5 μm thick TNT layers in the wavelength range from 310 nm to 800 nm, as shown in Fig. 2 and the ESI (Fig. S5 †) . The extension of the photocurrent responses into the visible spectral region relative to the blank TNT layers is observed for all TNT layers decorated with MoS 2 nanosheets. Incident photon-to-electron conversion efficiency (IPCE, Fig. 2A ) values were doubled for TNT layers with 1 and 2 MoS 2 cycles, reaching ∼40%, in comparison with the blank TNT layer in the wavelength range of 350-370 nm. Due to the band gap of TiO 2 of ∼3.2 eV there is no response in the VIS spectral region for blank TNT layers. In the wavelength range of 410-430 nm, the IPCE values reached ∼20% for TNT layers with 1 and 2 MoS 2 cycles and about ∼10% for TNTs + 5c MoS 2 . This clearly shows a stronger ability of MoS 2 decorated TNT layers to produce charge carriers and more separated e − compared to the blank layers. Also the annihilation of TiO 2 surface states by MoS 2 nanosheets might come into play, as shown previously. 37 To examine the photoresponse of TNT layers over a range of wavelengths, the photocurrent transients were recorded at a fixed bias of +0.4 V vs. Ag/AgCl with light on/off for 10 s period in the UV (Fig. 2B ) and VIS spectral range (Fig. 2C) . The MoS 2 decorated TNT layers show a good photocurrent switching performance with a fast response time. The type-II heterojunction interface of the MoS 2 (with a direct band gap)/ TiO 2 heterostructure and also the TiO 2 surface state annihilation are responsible for such an enhancement. 4, 34, 40 In contrast, an increased thickness of MoS 2 nanosheets (i.e. theoretically 5 ALD cycles correspond to 5 S-Mo-S stacks with an indirect band gap) decreased the photoresponse in the UV spectral region compared to the blank layers. This is due to the low electron conductivity of MoS 2 that limits the e − transfer. 44, 49 Moreover, with an increased number of ALD cycles, the increasing number of S-Mo-S stacks could significantly suppress the e − transfer in the direction perpendicular to the basal plane of the MoS 2 nanosheets. 49 Fig . 3A and B show the photocatalytic performance (of the same TNT layers shown in Fig. 2) for the liquid phase photodegradation of methylene blue (MB) under UV and VIS irradiation, respectively. It follows a pseudo-first-order reaction. 2 Thus, its kinetics can be expressed from the linear vari- ation of ln c/c 0 as a function of time. The resulting kinetic rate constants are shown in Fig. 3 .
The results clearly show that the appropriate MoS 2 decoration of TNT layers by 1 or 2 ALD cycles of MoS 2 enhances the photocatalytic activity of TNT layers. TNT layers decorated with 5 ALD MoS 2 cycles possess worse activities compared to the blank and to those with 1 or 2 cycles under UV irradiation (Fig. 3A) . The band gap for this thickest MoS 2 nanosheet decoration used in here is indirect, 13, 50 and it is mainly the excess of MoS 2 on the available TiO 2 surface that lowers the photocatalytic activity due to a shading effect. 51, 52 This means that MoS 2 blocks the incident light absorption by TiO 2 and reduces its photoexcitation capacity. Indeed, the higher density (and shading) of MoS 2 nanosheets within TNT layers + 5c MoS 2 compared to that in TNT layers + 2c MoS 2 is clearly observed from STEM EDX (ESI, Fig. S6 †) . Fig. 3B shows the photodegradation of MB under VIS irradiation. Compared to the photodegradation in the UV spectral range, the photocatalytic activity of TNT layers + 5c MoS 2 is enhanced and it is higher than that of TNT layers + 1c MoS 2 . Indeed, in the VIS spectral region, MoS 2 is predominantly responsible for photodegradation due to its lower band gap compared to TiO 2 . Diffuse reflectance UV-VIS spectra and the corresponding Kubelka-Munk curves (ESI, Fig. S7 †) were recorded to determine the optical band gap energy of blank and MoS 2 decorated TNT layers. Values of ∼3.12 eV, ∼1.35 eV, and ∼1.19 eV for blank TNT layers, TNT layers + 1c MoS 2 , and TNT layers + 2c MoS 2 were determined, respectively. The difference in the band gap energy can be described as follows. One ALD cycle results into one S-Mo-S stack. Therefore, with an increased number of ALD cycles, the number of S-Mo-S stacks also increases. As the band gap energy of MoS 2 is strongly influenced by the number of S-Mo-S stacks, it will decrease with an increased number of these stacks. This suggests that the presence of MoS 2 on the surface of TiO 2 leads to the change in the electronic structure of TiO 2 . It is apparent that TNT layers decorated by 1 or 2 ALD cycles of MoS 2 possess an increased incident light absorption. For the TNT layers + 5c MoS 2 , it was not possible to measure any reflectivity, due to extremely black colour of the samples. Furthermore, the photocatalytic activity strongly depends on the quantity of the exposed edge sites of MoS 2 . 18 An increase in the MoS 2 nanosheet thickness leads to smoothing its surface, thus decreasing the area of the exposed edge sites of MoS 2 . 53 This is due to the non-ideal growth mode, which takes place, when layered materials such as MoS 2 , are synthesized by thermal ALD 53 and also by the very nature of MoS 2 formation. Indeed, the active edge sites of MoS 2 and their formation were identified theoretically 54 and experimentally 55 for both crystalline 56 and amorphous 57 MoS 2 . These previous reports and results shown herein confirm that TNT layers + 2c MoS 2 (theoretically 2 S-Mo-S stacks) rendered the best photocatalytic performance in the liquid phase under both UV and VIS light irradiation, due to a higher amount of exposed edge sites compared to TNT layers + 1c MoS 2 and TNT layers + 5c MoS 2 .
Gas phase photodegradation in Fig. 4 shows kinetics and the total hexane-to-CO 2 conversion achieved on the blank and MoS 2 decorated TNT layers. The more detailed mechanism of hexane-to-CO 2 conversion is described in the ESI. † The highest photocatalytic conversion of hexane was achieved for 1 and 2 MoS 2 cycle decorated TNT layers with 34% and 21% conversion, removing the total of 5 μmol and 3 µmol of hexane which is ∼5 and ∼3 times higher compared to that of blank, respectively. The 5 MoS 2 cycle decoration of TNT layers did not show any measurable photoactivity.
By comparing Fig. 3 and 4 , it is clear that the best photocatalytic activities in both the phases are obtained for different MoS 2 cycles (2c for the liquid and 1c for the gas phase). The reasons for this are not understood yet and require further investigation. However, while the difference in the homogeneity of the ALD MoS 2 nanosheets between the different nanotube layers used for the liquid and gas phase photocatalysis can be ruled out, the difference in the reactivity of the side edges of the MoS 2 nanosheets produced by 1c and 2c ALD cycles towards hexane degradation and diffusional and MoS 2 shading aspects of the different nanotube layers (with different morphological features) in general cannot be excluded.
Conclusions
In conclusion, the homogeneous decoration of TNT layers with MoS 2 nanosheets using ALD was demonstrated in this work. The ALD MoS 2 decorated TNT layers possess enhanced photocurrent densities with improved charge carrier transport and increased photocatalytic activities, in both phases (liquid and gas). The presented results clearly show how promising is the combination of 1D supports with 2D materials. These results may also pave the way for more sophisticated devices and applications of these nanomaterial classes in future.
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